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Abstract 

We present a complete analysis of the one loop electroweak corrections to e~e^ 
77, Z7, ZZ in the Standard (SM) and the Minimal Supersymmetric Standard Model 
(MSSM). Analytic expressions are written for the contributions to the helicity amplitudes. 
Several observables accessible for polarized or unpolarized beams and transverse, longi- 
tudinal or unpolarized final states are computed. We show that in the few hundred GeV 
region, these observables provide a test of the various SM or MSSM components. For 
the dominant TT amplitude at high energy, the sensitivity to the details of the various 
sectors disappears, but the energy dependence fixed by leading logarithmic contributions, 
provides a model independent signature discriminating SM from MSSM. Subdominant 
TL or LL amplitudes though, remain sensitive to the details of the SM or MSSM sectors. 
Numerical illustrations are given for energies up to several TeV. The analysis may also be 
used to search for new physics characterized by anomalously strong interactions among 
the neutral gauge bosons. 

PACS 12.15.-y, 12.15.Lk, 14.70.-e 
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1 Introduction 



The search for new physics (NP) beyond the Standard Model (SM) has strongly motivated 
projects of high energy e~e~^ colliders (LC, CLIC) This NP search should proceed 

either in a direct way (production of new particles), or in an indirect way (observation 
of departures from SM predictions in processes where the external particles are standard, 
and NP effects only arise from virtual exchanges). 

In this paper we are addressing the indirect way. The experimental accuracy that 
should be available at the high luminosity e~e~^ machines is expected to be very high; 
better than the percent level. This means that the SM predictions, from which departures 
will be searched, should be made with a comparable high accuracy, requiring computations 
of high order effects of electroweak interactions. 

One already knows that the electroweak radiative corrections to several standard pro- 
cesses strongly increase with the energy. This arises due to the presence already at the 1- 
loop level, of large double (DL) and single (SL) logarithm terms behaving like^ (ch/it) In^ s, 
(a/vr) Ins, jH El El EI- In the TeV range such terms reach the several percent level, which 
renders them observable at the future colliders. Alternatively, these large logarithmic 
effects may also be viewed as large background contributions to possible NP signals. It 
will therefore be essential to have a full control on them, and to analyse precisely the 
various virtual contributions they get from each dynamical sector. 

The relevance of these large logarithmic effects at high energy colliders, has been 
stressed recently for the process e~^e~ ff in the SM jHj and MSSM |Sj cases, and for 
the process e~^e~ — // As these 1-loop effects are known to reach the 10% level at 
the multi-TeV range, the need for a two loop computation and even a resummation of the 
higher order leading effects arises; attempts in this direction have already started P ITU]. 

A very important property of these large logarithms is that they offer a striking sig- 
nature for studying the underlying dynamics jTTj. Depending on the interaction sec- 
tor (gauge, Yukawa) from which they originate, these large logarithmic terms may be 
isotropic and universal with well defined relative coefficients, or they may present very 
specific angular dependencies ^1]. This has allowed a classification of all such log-terms 
and their possible physical origins In particular, the logarithmic behaviour of the 
e^e+ — s> //, // cross sections at high energy reflects in an observable way the gauge and 
Higgs structures of the interactions, and even differentiates between SM and MSSM, in a 
way which is largely independent of the specific values of the MSSM parameters [T^ . 

Similar properties for the leading logarithmic SM and MSSM contributions at high 
energies are also expected in 77 —>■ ff (TH], which should be measurable at photon-photon 
colhders P^ . 

The inverse process e"'"e~ — > 77 and well as the neutral gauge boson production ones 
e+e~ —>■ 7Z, ZZ have been calculated in SM a long time ago fT^, and received recently 
considerable theoretical fUlEj and experimental [18j interest motivated by the search for 

^In process like 77 —> 77, Zj, ZZ, which do not contain any Born contribution, only single logarithm 
terms caused by the imaginary part of DL contributions remain; the rest is canceled 
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anomalous neutral gauge boson self couplings (NAGC). At tree level, there is no NAGC 
coupling among three neutral gauge bosons (7 or Z) in SM or MSSM; i.e. no contribution 
of the type e+e~ (7, Z) ■yZ, ZZ; (real 77 final states are forbidden). 

Non vanishing NAGC couplings first arise at one loop, through fermionic triangles 
involving leptons and quarks in SM, and additional chargino and neutralino triangles in 
MSSM ^Tj. Additional contributions may also come from NP forms containing e.g. heav- 
ier fermions, non perturbative structures, or even direct neutral boson couplings. Since 
such NP effects may be rather small, a complete and accurate computation of the high 
order SM and MSSM contributions is needed, in order to identify them. 

The aim of this paper is to discuss these various points. Thus, we analyze the content 
of the complete 1-loop contributions to the e~^e~ —>■ 77, 7Z, ZZ amplitudes, firstly 
within SM, and secondly within the MSSM. Since the exact 1-loop formulae are rather 
complicated, the study of the high energy behaviour of the amplitudes, helps supplying 
a clear intuitive picture. We therefore study in detail the relative importance of each 
type of asymptotic and non asymptotic contributions (double log (DL), single log (SL), 
angular independent and angular dependent terms) in the gauge, Higgs and particle and 
sparticle sectors, indicating how these sectors conspire, to produce the correct high energy 
behaviour. This should also be instructive for the discussion of possible modifications due 
to NP. 

As in the fermion and sfermion production cases mentioned above [HI El El , the nu- 
merical value of the SL coefficient may serve as signature discriminating between SM and 
MSSM, in way which is largely independent of the specific values of the MSSM parameters. 
In other words, the dependence on the specific values of the MSSM parameters largely 
disappears, once the MSSM thresholds are overpassed^. These discussions are done in 
parallel for the three neutral processes e~^e~ —>■ 77, 7Z, ZZ. Many numerical illustrations 
are also given. An asymptotic energy treatment for the SM case of such amplitudes has 
also recently appeared in [7j; we have checked that our results agree with those of this 
reference. 

We then concentrate on the role of the NAGC couplings in e^e^ — » 7Z, ZZ and 
compare their effect to the one of the other sectors of electroweak corrections, as well as 
to possible new additional NP contributions. 

Finally, we discuss the role of longitudinal Z^ production. The production of this state 
is strongly depressed at the high energy. Moreover, for Z^Zl production above ITeV, the 
Born contribution is found to be negligible compared to the 1-loop one. Such effects render 
the above processes very sensitive to virtual contributions and provide interesting checks 
of possible anomalous NP contribution arising, for example, from a strongly interacting 
Higgs sector. We make this study at various energies, showing the road to asymptopia, 
from the LEP2 energy range to the LC and to the CLIC one. 

The paper is organized as follows. Section 2 contains the kinematics for the three con- 
sidered processes. The one loop electroweak contributions to the amplitudes are written in 

^Only a dependence in the overall MSSM scale may remain in some cases. 
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Section 3; renormalized Born, triangle and box contributions. Section 4 is devoted to the 
asymptotic properties. Numerical applications are given in Section 5, while the physics 
issues and conclusions are presented in Section 6. Useful technical details are given in 
several Appendices; details on kinematics in Appendix A; the chargino and neutralino 
mixing matrices in Appendix B; the gauge and electron self-energies and renormalization 
constants in Appendix C; details of triangle contributions in Appendix D; asymptotic 
self-energy and triangle contributions in Appendix E and Box ones in Appendix F. 



2 Kinematics and Observable quantities 

We consider the process 

e-(A,/) + e^(X'J')^Vie,p) + V'ie',p') , (1) 

where [l, I') are the incoming electron and positron momenta, and (A, A') their corre- 
sponding helicities. Since the electron mass is throughout neglected, we have A' = —A = 
±1/2. 

Correspondingly, V and V denote the outgoing neutral gauge bosons Z or 7, whose 
momenta are described as (p, p') respectively, while (e, e') denote the complex conjugate 
of their polarization vectors and (/i, fi') the corresponding helicities. We also define 

q = l — p = p' — I' , q' = I — p' = p — I' 
s={l + l'f = {j> + p'f , t = q^ , u = q'\ 

The cm. scattering angle between / and p is denoted by 0. The helicity amplitude of the 
above process (Q) is written as 

Fx,,,,' = F[e-(A,Oe+(A' = -A, V{e{^i),p) V\e\^i'),p')] 

= Nj{s,t,u,X)u{X,l) , (2) 

in terms of nine Lorentz invariant forms Ij, {j = 1,9) defined in Appendix A. Their 
coefficients may then be split, according to the electron-helicity, as 

Nj{s,t,u,X) = Nl^is,t,u)PL + Nf{s,t,u)PR , (3) 

where 

^L = ^-A , Pr = 1+>^ , (4) 
while Nj'^^is, t, u) are scalar functions. 

Observables 

The polarized angular distribution is obtained in terms of the helicity amplitudes as: 

da{X,fi,fi') _ 13 ^ 2 
a COS 327rs 
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with Cstat = 1/2, 1/2, 1 for 77, ZZ, 7Z, respectively. The corresponding integrated 
cross sections are 

a{X,n,n)= / dcos6' — — , (6) 

a cos 6 

where c = cos^^min is an angular cut (fixed at Omm = 30° in the numerical applications). 
The cross section for unpolarized beams is 

c^(/i,/i')unp = ^ cr{X,fi,fi') , (7) 

A=±l/2 

while we refer to final transverse (T) or longitudinal (L) gauge bosons by taking ;U = ±1, 
(/i' = ±1) or /X = 0, (/i' = 0), respectively. 

For longitudinally polarized beams, the Left-Right polarization asymmetry is de- 
fined as: 

. . M a(-|,/i,/iO -^(+|,/i,/iO 

n . ..1 X • (8) 

a(-2,/i,/i') + 0^(+2,/^,/^) 

In the numerical examples below, we only consider the Left-Right asymmetry Alji, where 
all possible final gauge boson polarizations are summed over. 

3 The Born and 1-loop Amplitudes 
3.1 The Born terms 

These are due to electron exchange in the t and u channels. In terms of the invariant 
functions defined in Q and in Appendix A, they are written as 



^Born ^ ^Born, t ^ ^Born, u ^ 



which give: 
• e~e~^ — i> 77. 



with 

• e^e+ —>■ ZZ. 



p2 2 

TxrBorn, t TxrBorn, t 7>TBorn, t d R d 

YV^ = I\2 = = —r'L - — -TR , 

^Born, u ^ ^Born, u ^ _^Born, u ^ _ _ ^ 

U U 



eL = eR= - e ; (11) 



TirBorn, t TirBorn, t TirBorn, t ^ TirBorn, t ^ TirBorn, t 

1^1 -1^2 -^V4 _-__^7V5 
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2 2 

jyBorn, t _ f^jyBorn, t _ _9zL _ 9zR 

i2 7 o 8 



with 



s-t + m'z 2 ^ t t 

jy-Born, u jy-Born, u jy-Born, u ^Born, u 

^ ~ ^ ~ ~ s - M + m| ^ 

2 2 

TirBorn, u TirBorn, u ^ TirBorn, u 9zL 9zR /1o^ 

(2s^-l) 

fi-ZL = e — 9zR = e — ; (13) 



e e"*" — >• Z7. 



S _ ^Born, t ^ S__ ^Born, t ^ ^Born, t 



s — mi^ s + 

^ ArBorn, t ^ jiT-Born, t eL9zL J-, engzR 



t-ml ^ 2 ^ t t 

^2" j ^^1 ~ \ „ I ^2 j ^^2 — ~^^4 



"■5 \ ArBorn, u ArBorn, u <^L9ZLj~, ^R9ZRj-, .n 

=1"^^ = " ~ ^^^^ ■ ^^^^ 

Note that for all processes 

iV3^°™' t = ATg^p " = . (15) 

In the following Sections, the complete e~e^ —>■ VV amplitudes at one loop are 
obtained applying the usual renormalization program in the on-shell scheme The 
renormalized Lagrangian is obtained from the unrenormalized one by the substitution 

i'eL , i^eR ^ , (16) 

B^^y^B^ , W^^^W^ (17) 
' ' ' 9 , (18) 



where ([TBI [T7j) describe the wave function renormalization for the electron and the gauge- 
bosons. Eqs. lfTHjl supply the renormalization of the gauge couplings, taking into account 
that the U{1)y Ward identity guarantees that g' does not need any additional renormal- 
ization, at least, at the 1-loop level [THj. Contrary to these, the SU{2) coupling g does 
need the additional renormalization described by Z2, which in the 'tHoof-Feynman gauge 
is determined by the W and Goldstone loop contributions to the mixed self-energy. 

The SM and MSSM contributions to the various renormalization constants are given 
in Sect. 3. 2 and Appendix C. The explicit expressions of the 1-loop amplitudes are given 
in terms of A'j-functions containing the contributions from the renormalized Born terms, 
the triangle and the box diagrams according to 

Nj{s, t, u) = Arj<=°+B°'^>^ + Nj"' + Nf""" , (19) 
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which are computed in the subsequent subsections. 



3.2 The renormalized Born contribution 

The on-shell renormahzation procedure JH] uses as input the electric charge e(0) = 
A/47ra(0), the physical masses mw, mz, and the Weinberg angle defined^ by = 
1 — = m^/m|. The renormahzation introduces modifications to the Born ampli- 
tude induced by the substitutions ([TBI IT71 ITH|) . and the self-energies given in Appendix 
C. 

We separate the finite renormalized self-energy contributions denoted with a "hat", 
from the divergent ones. The former are absorbed in jVj'^n+Born. ^j^jjg ^j^g later are put in 
NJ^\ together with the divergent triangle contributions presented in Sect. 3. 3. Thus, both 

The finite hat-quantities entering jYjen+Bom g^gj^ from the renormalized electron self 
energy, and the renormalized Z self energy and 7Z mixing on the Z-mass shell 
In analogy to 0, we write 

^yren+Born jy-rcn+Born, t _|_ jy-ren+Born, u (20) 

where the two terms in the r.h.s. arise from electron exchanges in the t- and w-channel 
respectively. 

• e^e+ 77. 

According to the aforementioned conventions, are obtained from ()10|1H1 by the 

replacement 

el^elix)=Ana{0)[l-±R,{x)] , (21) 

where x stands for t or u. The counter terms for the gauge boson-electron vertices which 
could contribute to (PT|) through the divergent factors 

[1 + 26Zl, + 6Z2] , [l + 26Zne] , (22) 

for e|, e|. respectively, are (as said above) absorbed in the triangle contributions Nj^^; 
see (j2HI)- 

• e~e"^ ZZ. 

The replacement to be made now in ()12pi3|l is: 

47ra(0)(l -2sp2r ^........v „^_2 



9zL =^ a'^zhi^) - jjr~5. ~ 



^We follow the usual convention = cwZf^^ + swA^ and — —swZ^ + cwA^, which has a sign 
difference compared to the one in |19|. 
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91r 



1 - SRe(a; 



while the Zee counter terms which would contribute through the additional factors 



1 + 26ZLe 



2r2 



6Zo 



[1 + 2SZr4 



(23) 



(24) 



will be put together with the triangle contributions, in order to make finite quantities; 
see (HH). 



e e"' 



Zj. 



The replacement in (fT^ is now 



eigzL 



engzR 



eLgzL[x) 



47ra(0)(l-2s2^) 



eL9zR[x) = - 



2S]yCw 



1 _ ±^ U) - ^'zzi^z) I 2swcw^yz{rn%) 



(2^2, - l)m| 



J- — ^Re[X) 1 K 



swm^z 



while the additional divergent factors 



1 + 2SZLe + 



{3 -As 



2(1-2^2^; 



5Zo 



[1 + 25ZnA 



(25) 



(26) 



generated by the counter terms, will again be put together with the triangle contributions 
in dSZj). 



The complete expressions of the various self-energy functions and counter terms are 
given in Appendix C. 



3.3 Triangle contributions 

These arise from triangle diagrams of the type depicted in Fig. Id, le and from the dia- 
grams in Fig. If which induce "anomalous neutral gauge couplings" NAGC ^Hl- Below 
and in Appendix D, we give the complete expressions for these contributions, while in 
Appendix E we quote their dominant leading logarithmic contribution when s, t, u are 
all much larger than all internal and external masses. As already said, these "Triangle" 
contributions to the various Nj"^^ amplitudes, also include the counter term factors in ()221 
1^ OBj) . which guarantee their finiteness. This has been checked using the expressions in 
Appendix D. 

• e~e'^ 77 

In this case, the diagram of the type Fig. Id gives the SM contributions generated by loops 
involving the particle-strings 

{abc) = {^ee), (Zee), (u^WW) , 



8 



while the MSSM contributions involve 

(abc) = {veXtXj), (X°ee) . 

The generic diagram Fig.le only induces an SM contribution involving the particle- 
strings 

{ahc) = (ueWW) , 

containing the 4- leg WW'j'y coupling. There is no NAGC contribution from Fig. If, for 
two on-shell final photons. 

The resulting contributions to the Nj" functions are 



Tri 



N 



a 



t u ^ 



N^'' = , 



n: 



Tri 



a 



L t 



u J 



(27) 



Separating the L, i? parts of T terms in (j2ZI); and adding the divergent counter term 
corrections generated from ()22|). we write 



with 



obtained from 



and 



a Z 

a 



R 



(28) 

(29) 
(30) 

(31) 



The SM contributions arising from the triangles involving '~f,Z,W exchanges are then 
written as 



rpfL SM 

-'-t 



rp-yR SM 
-'-t 



rp/^L SM 



rpl^R SM 



^1^"' ' 4„2 2 ' 



w 



<it) + (t) 



(32) 
(33) 
(34) 
(35) 



-w 
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while the MSSM contributions due to triangles involving chargino or neutralino exchanges 
are 



p7L MSSM 
■t 



1 



^2x 



1 



„2 „2 "^IX 



it) 



'■jR MSSM 



fyL MSSM 



nt-yR MSSM 



lR 



^2x 

.R 

^ix 



it), 
it)- 



■<it) 



,2 „2 "-Ix 



it) 



(36) 
(37) 
(38) 
(39) 



where af fof and A'"^'''' corresponding to each triangle diagram are given in (jP.H ID.2j) 



in terms of Passarino-Veltman functions [20] , in which the internal propagator masses are 
determined by the particle-strings mentioned above. The analogous w-channel expressions 
are obtained correspondingly. 

The results for the asymptotic regime where s, t, u are much larger than all internal 
propagator masses, are given in Appendix E. 



e e 



ZZ 



The diagrams of the type of Fig. Id supply the SM contributions due to the particle-strings 

{ahc) = (7ee), (Zee), {Wu.Ue), i^eWW) , 
and the MSSM ones through 

{ahc) = iueXtx^), (ex°X?), ixt^^ei^e), (x°ee) . 
The diagram of Fig.le induces just an SM contribution for 

{ahc) = {veWW) , 

involving the WW ZZ coupling. Finally, Fig. If, which can only involve a fermionic triangle 
(leptons and quarks in SM, and charginos and neutralinos in MSSM), supplies the NAGC 
contribution to the couplings /g'^ T!6,. 

The set of these triangular contributions is described as 



Tri 



n: 



N, 



Tri 
3 

Tri 



Tri 



Tri 



a 







+ ■ 



+ A^^Pl 



u 



Tri 



n: 



a 



a 



2Tf 2Tf 



t u J 
m| - 1\ 2rf 



t 



+ 



u 



u 



-N 



Tri 



a 



_ 2/27f 
sV t 



+ ■ 



2Ti 



u 



AGC 



Tri 



a 



l/(t 



rrir. 



-2T/-T, 



•/Z 



m 



l -u\ 2r5 



u 



+ AT.^G^ 



+ N^^^. (40) 
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The (L, R) decompositions for T and T' above, after including also the divergent Zee 
counter terms from (j24j) . become 



with 



= - I ^' ][5Z,e + ^^SZ,] , (42) 



and 



27r (2.^-l) \ cl 

[dZLe+- -„ 2 

aswcw / 1 — '^Syy 

S'" = - (1^) . (43) 

acw ) 

The SM Figs.ld,e triangle contributions to them are given by 



w 

T^'^' = — 6^(t)+%&f(t), (46) 

rp,ZL SM _ 2g^-l r.. (2^^-1)3 ... 1 . ^^ fl ^-^ffl (47) 

rp,ZRSM ^ ^ (48) 

while the MSSM contributions are 

'''''' = - J^^Ut)+^b'^it) - ^K\it)+^b'l^it) , (49) 

W ■^^w w W W W 

^■^w^w ^^^w^W 
j.,ZL MSSM ^ _ ^_a',\it)+-^a'^it)-^a[';^it)+-^a';^it) ,(51) 

'^^W^W 2SyrCW SyyCW ^Sy^Cy^ 

^ _ + ^a-(t) , (52) 

where af'^, fef A^ff 

are calculated from the diagrams in Figs. Id, le and given in ()D.3l 

El. 

Finally, the NAGC contribution induced from Fig. If in ()4()|1 is 



^AGC ^ _^AGC 



2(m| - u) ^ 



AGO 



j^AGC ^ _^AGC ^ 1 j^AGC ^ (53) 
11 



with 



N 



AGC 



nir 



S1( Pr - Pl ) - f: 



(54) 



where f^'^ are taken from ^\ , apart from the neutrahno loop case with general mixings 
which was not considered in ^\ and is given in ()D.5|1 . 

As for the 77 production case, the dominant logarithmic terms in the asymptotic 
regime where s, t, u are much larger than all internal propagator masses, are given in 
Appendix E. 



e e 



Contributions in this case arise from diagrams of type Fig. Id already considered for the 
e~e^ — > 77 and e~e^ — *• ZZ process. In addition we also have the [ueWW) contribution 
from the diagram of Fig.le with the 4-leg WW'yZ vertex, and a Fig. If NAGC contribution 
to the couplings hj'^ fHlEI containing a fermionic triangle consisting of leptons, quarks in 
SM, and charginos, neutralinos in MSSM. The whole set of these triangular contributions 
may be written as 



Tri 



a 



1 -■ 



rrir. 



Tri 



a 



rp'yZ rpfZ 

t ^ U 

rp'yZ rpyZ 

;l_t |_ -^M 

U / 



t 

•iZ^I 



t 



t 



u 
u 



AGC 7Z 



Tri 



N, 



Tri 



Tri 



Tri 



a 



a 



a 



Tri 
9 

2 



rpyZ. 

U 



U J 



+ 



u 



nir 



.7Z 



rpl'yZ 



t 



+ A^r^' 



u 



_^ j^AGC yZ 



rpyZ 



s\ t u 

Decomposing T''^, T''^^ , T'^^ in their L,R components as 



R 



(55) 



(56) 



in analogy with ()28p and including also the divergent contributions from Sect. 3. 2, already 
defined in (|21 EOl IH il , we get 



n^ZL 



rp-fZR 



ZL 



-[Tt 



/2s 



w 



\ZRi 



Sw 



Cw 



(57) 



and 



lyZL 



IZ^L 



-(■ 



/ZL 



t: 



^/■yZR. 



-n 



•iZR 



2s 



w 



V 2swCw ^ 



iZyL 



Cw * 



(5^ 
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using the triangle functions already defined for the 77 and ZZ cases in (|3 211391 11S1E21)- 
The quantities A^^'J^ are derived from Fig.le and given in ()D.6|) 
Finally, the NAGC parts induced by the diagram in Fig. If are 



^AGC 7Z 




^AGC 7Z 


= 


AGC 7Z 




s 






2 


j\jAGC 7Z 




s 








hl{PR - Pl 




m\ 





j\jAGC 7Z 

S J 



V ZSwCw Cw 



(59) 



with the form factors hj' ^ obtained from ^7] . 

The leading logarithmic terms in the asymptotic regime are again given in Appendix 

E. 

3.4 Box contributions 

The generic box diagrams contributing to the processes e'^e~ — > V'V are shown in Fig.lg,h 

labeled as (abed), according to the particles in the four propagators. There are seven 

kinds {k = 1, ...7) of such box contributions, which combined with the nature of particles 

(fermion /, vector V, scalar S) running inside the loop, create altogether 11 types of 

contributions labeled as 

type 1: Fig.lg(V^///); type 2: Fig.lg(/VV\/); 

type 3: Fig.lh{V f fV); type 4A, 4B, 4C, 4D: Fig.lg(^///); 

type 5: Fig.lgifSSS); type 6A, 6B: Fig.lg(^//^); 

type 7: Fig.lg{fVSV). 

Concerning the above list, we should note that the separation of the k = 4 contributions 

into four parts labeled 4A, 4B, 4C and 4D, and the analogous separation of the k = 6 

ones into 6A and 6B, is induced by the appearance of different combinations of the kinetic 

and mass parts in the fermion propagators. 

The generic contributions to each of these eleven types are denoted as Nj' ^°^{s,t,u) 
and expressed in terms of Passarino- Veltman functions [201 • Because of their complexity, 
we only write in Appendix F their leading logarithmic contributions, which serve also 
to define them. MATHEMATICA and FORTRAN codes determining ^°''{s,t,u) in 
terms of the Passarino- Veltman functions, are available upon request. 

Multiplying the N^' ^"^{s,t,u) functions by the appropriate coupling combinations, 
we obtain the contributions N^"^ to be inserted in (jl9p . These are given below in the 
SM and MSSM cases, for each of the three neutral gauge boson production processes 
considered. 

• e~e"^ — > 77 

The SM contributions arise from the type 1 boxes: (jeee) and (Zeee), the type 2: 
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{u,W+W+W+), and the type 7: {ueW+G+W+). The additional MSSM contributions 
come from the type 4 boxes: {i^eXtXj'Xk)^ ^- (Xi'eee). These are 



n: 



77 SM Box 



a'l iV;'^°^(7)[PL + Pr] + iV;'"°^'(^) 



4s2 ^2 



1 



,2s 



p 



+ "sym" 



77 MSSM Box 



a 



-^H \ZmNf^ + MliNf + Nf + iVf )]P, 



+-^Y.\Zu?N',{en)PR +"sym"} , 
where +"sym" imphes symmetrizations of the form 



k,Box 



~ k,Box 



+ N. 



^k,Box ^ 



2 ' 
~ k,Box 



^k,Box _ ^ 



7 ' 
~ k,Box 



— ID ~ k,Box 

^k,Box ^ 

_ , D ~ k,Box 

^k,Box _ ^ 



— ID ~ k,Box 

j^k,Box _ ^ 

_ , D ~ k,Box 

^k,Box ^ ^ ' 



iv: 



k,Box 



~ k,Box 



k,Box 
9 



~ k,Box 



No 



(60) 



(61) 



(62) 



in which A^j is constructed from iVj by interchanging t u and V. The notation 

for the chargino and neutrahno mixing matrices appearing in (and ()64I66|) below), is 
summarized in Appendix B. 



e e 



ZZ 



The SM contributions arise from type 1: {'jeee), {Zeee), {Wvei^e^e)', type 2: (ueWWlV); 
type 7: (cZHsmZ) and (z/eiy+G+iy+); and type 3: (WueUeW). These are 



iV, 



SM Box 



l,Box 



(W^) 



(7) 
1 



(2s 



2 



4,2 ^2 



C 



W 



+ iVi'^""(Z) 



ISs^c^ 



-Pl 



-Pr 



L^„4 2 " ^ 



AT, 



2,Box 



{W) 



c 



w 



+Ar, 



7, Box 



m 



w 



2r2 



Pt. 



m^[(2s 



w 



I t\t3,Box 

LZS^ J 

ifPL+AstvPRl 



(W) 



■^*Ty 



Pr 



4^4 „6 



+ "sym" ^63) 



The additional MSSM contributions arise from type 4: {veXtx'^xt)^ (eXiXjXfc); tjps 
5: (Xi^z/gZ^et'e), (Xi'^^ee); and from^ type 3: [{eZ Z) + {eZh^ Z) - (cZHsmZ)], and type 6: 

^In order to get the "additional MSSM contribution due to H^, which should added to the SM 
one without making a double counting of the Higgs sector, one has to subtract the Hsm contribution. 
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{i>eXtx'ji>e): (eX'X^e). They are given by 

^ZZ MSSM Bo. ^ _ ^^J2^uZUmZ^^Zi' + 5u{l - 2.^))(Z+Z+; 

+Si,{l - 25^)) + M^M^,Nf^{Z^,Z-; + 6a{l - 2s\,)){Z-^Z-: + 5^,(1 - 25^^)) 
^M^M^^Nf {Z^^Z-^ + bail - 2sl,)){Zt,Zt: + 5,^(1 - Isl,)) 
+M^,M^,Nf{Zt,Z+* + 6u{l - 2sl,)){Z-,Z-: + - 2.^)) 

■\N^\e,){ZZZ^: - ZIZI*\ZIZI^ - ZIZI-) 
+M^oM,oNf^{i,){Z^,*Z^, - Zi*Z^,){Z^rzg - Z^:zg) 
-M^oM^oNf{e,){Z^:Z^, - Z^:Z^,){Z^,Z^: - Z^,Z^:) 
-M^oM^oNf{e,){ZgZ^,* - Z^^Z^r)iZtZg - Z^CZl) \Pl 

^^W^W ilk 

+Aq.M^..Nf{en){ZZZ^: - ZlZ^^^Zlzl* - Z^Z^*) 
-M^oM^oNf{en){ZZZ^C - Z^Z^^^Zl^Zl - Z^^Z^) 
-M^oM^oNf{en){ZtZ^i - Z^,C Z^^Z^Z^* - Z^^Zg*) ]Pn 

-M^M^^Nf{Z-Z-* + 5u{l - 2sl,)) )Pl 

+ ^f^T.(ZuSw + Ztcw)iZ^^s^ + Z,^iCw)[Nf^{eL){Z^.Zt - Z^Z^C) 
+M,oM,o7Vf (e^)(Z,f Z,^ - Z^CZl)\P^ 
+ \-Y.^lZ^i*\^\^n){Z^.CZl - Z^Z^i) 

+M,oM,oiVf (e«)(Z4^Z,r - Z^,Z^n]PR 

+ [Nl''°\H'')cos\l3 -a) + N] {h'')sin\f3 -a)- N]'"""'' {Hsm)] 

•[ ^46 — \ + ^y"^ f ■ (64) 

The SM contributions come from type 1: {'jeee), (Zeee); type 2: (i/eVF"^VF+l^+) ; type 7: 
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[veW+G+W+)] and from type 3: {u^Wue)- They give 



^7Z SM Box ^ ^2 



Cw 



(1 - 2.^H.)^ 



2 

W 



•'W 



2s]yC\y 



Pl+ "sym" 



1 



+N^''''"'{W)-^ — Pl (no "sym" 



(65) 



The additional MSSM contributions are from type 4: {i^eXtxfxt)' ^JP^ 5: (Xi'eee); 
and type 6: (i>eX»^X^'>e), (x?eex°). 



MSSM Box _ ^2 



ik 



+M^M^^{Nf + Nf){Z-Z-: + 5,fc(l - 2^)) + MjiVf (Z+Z+; + 5,,(1 - 25^^)) 
+ [iVf (Z+Z+* + 5.,{l - 24)) + M^M^,{Nf + iVf )(Zi-Z-* + 5,^(1 - 2^)) 
^MlNf{Zt,Zt: + 5.,(1 - 2.2^))]^^- } 



;i - 2^) 



5^|ZiI.,. + Z,^c^piV^(e,)P,- ^$:i^lIpiV|(g^)P«+ "sym 



(66) 



In all cases, the symmetrization "sym" is done according to the rules given in 



4 Asymptotic amplitudes at one loop 

It is interesting to construct asymptotic expressions for the Nj invariant amplitudes for 
the processes e~e"*" —>■ 77, Z7, ZZ, which should in principle be valid when [s, t, u) are 
much larger than m| and any of the masses of the particles in the loop. Such asymptotic 
expressions for the jVj'^^+Born^ jyTn ^^^^ parts of these invariant amplitudes, are given 
in Appendices E and F. 

These asymptotic expressions are very interesting since they provide a simple picture 
for the physical amplitudes, which turns out to approximate the exact 1-loop results at the 
percent level, as soon as we pass the one TeV energy range. We give them below for each 
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of the Nj amplitudes, always omitting and Ng, which never receive any leading- log 
contribution. 



77); (j 



iV, 



1,2,4) 

Born,L 



.(7) , AZ) , (W) (MSSMh 



+4? 



[1 + 4 

[c^H^+c'n' + cr''""]- (67) 

The structure of this expression is very intuitive. It consists of the Born term (^UJ, to 
which the universal leading-log correction factors generated by 
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J^MSSM) 
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a(l + 2c^) 
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m 



w- 



In- 



are applied. These corrections are generated by diagrams involving photon, Z, W and 
MSSM partner exchanges. In the photon correction (j68j) . the quantity has been 
introduced, which separates the ultraviolet and infrared contributions, the latter being 
generally absorbed to the so-called electromagnetic radiative corrections. In addition to 
these corrections, the W exchange boxes also induce an angular dependent contribution 

>,2 



(MSSM) 



a 



s s 
3 In — TT — In^ — K 



mi 
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(68) 
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(72) 



(73) 



Taking ~ mz — my/, one gets from 



u s 

the universal SM combinations fTJ ^] 



c 



(7) , iz) 



+ cV + c 



(W) 



ail + 2cl 



w> 



167rs^c^ 



31n- 



In^ 
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(74) 



and the MSSM ones [0] 



.(7) 



J7) 
■'R 



SZ) 



{W) 



JMSSM) 



a(l + 2c2 



w) 



+ c(^) + c 



(MSSM) 
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(75) 



w 
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which satisfy the rules estabhshed in \V2\ IT^ . Indeed, we find again that the radiative 
corrections associated to the electron line create the logarithmic factors [31n(s/m^) — 
\n\s/ml^r)] in SM, and [2\n{s/ml,) — ln^(s/m^)] in MSSM; while their coefficients are 
determined by^ a/(47r)[/e(/e + l)/s^ + Y'g^/(4c^)], which equals to a(l + 2c^)/(167rs^c^) 
for the Left case, and a/(47rc^) for the Right case [Tallin]- The photon lines supply the 
additional term -a/(47rs^) ln2(s/m^) in (TTHTHll 

The non universal angular dependent term in ff7^ . is a specific SM gauge W box 
contribution whose coefficient is fixed by the 'yWW coupling jT21 E] • 



Z7); (j = 1,2,4,5,6) 



The asymptotic expressions now are 
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Born,L r (7) , (Z) 
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(79) 



The universal SM and MSSM contribution of the electron line are again found to be in 
agreement with ()74l75p 12 . There exist an additional c^^^ contribution though in (f77|) . 

^Here le refers to the total isospin of the electron e, while Yg = 2((5e — /i^"*). The same formulae 
should apply also to any quark or lepton, and to their supersymmetric partners. 
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caused by the Z7 final state. The angular dependent box term d^^^ fixed by the ^yWW 
and the ZWW couplings 



ZZ); (j = 1,2,4,5,6,7,8) 



In a similar way we have 
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As expected, the universal electron line SM and MSSM contributions to ()81|) . are 
the same, as in the 77 case ^21- The only modifications are due to the ZZ final state 



universal contribution c^^\ and the angular dependent term d^^^' determined by the 
ZWW coupling. 

Finally we should comment about the asymptotic behaviour of the longitudinal ZZ 
production amplitudes. Contrary to the Born level TT amplitudes which behave like a 



(W) 
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constant at asymptotic energies, and the TL ones which vanish only hke mz / y/s, the LL 
amphtudes diminish hke m'^^/s. This latter property can be explicitly seen in 



j^Born ^ 16m|cOsg( (2g^^-l)^ ^ p ] 



When one loop effects are included, the asymptotic behaviours of the TT and TL 
remain largely the same, modified only by logarithmic enhancements determined by (j80| 
EH), and (to a lesser extent) (jH2I)- But for the LL amplitudes a strikingly different structure 
arises, since the rapidly vanishing ~ m| / s Born behaviour is replaced by a logarithmically 
increasing one involving In^ |t|/M^ and In^ |m|/M^ terms. This structure is induced by 
Higgs sector Box diagrams, whose contribution asymptotically dominates the tree-level 
one. 

The simplest way to obtain it, is to use the equivalence theorem and consider the 
processes e'^e" G^G^. Since in the nif, = limit this later process has no Born term, 
its only contribution comes from the boxes {eZHZ) and [ulVGW), where H stands for 
the standard Higgs boson in SM, while in MSSM it represents a mixture of the CP-even 
states and the h^. The resulting asymptotic helicity amplitudes then is 



. (2A)^l„ m m (i^) { + <^i^)ft + {^)pX (85) 

in both, SM and MSSM. Thus, at sufficiently high energy, the order cP' contribution of 
(|85|). becomes larger than the (suppressed) Born LL contribution of (j84j) . We note that 
the cross-over of these two terms is around ITeV. 

Note also that, asymptotically, there is no difference between the SM and the MSSM 
predictions for longitudinal ZZ production. This is due to the fact that the contribu- 
tion is proportional to cos^(/3 — d) and the one proportional to sin^(/5 — a), producing 
a result identical to the SM one. 



5 Numerical Illustrations 

Results for e^e^ — ^ 77 

Due to the electron exchange diagrams in the t and u channels, the angular distribution is 
strongly peaked in the forward and backward directions. Because of detection difficulties 
along the beam directions, we only consider scattering angles larger than 30° and smaller 
than 150°. The Born contribution is then shown for unpolarized beams and energies at 
0.5 TeV and 5 TeV in Figs|2li,b. 

The 1-loop^ radiative correction effects in the angular distribution, are described in 
Figs|2t,d, presenting the ratios of the unpolarized differential cross sections to the Born 

The numerical computation of the Passarino-Veltman functions is done using the FF-package EH- 
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contribution da/daBom, for SM and a representative set of MSSM SUGRA models sug- 
gested in [221 12n| • As seen in these figures, tlie effect of the radiative corrections is always 
negative and increases with the energy and scattering angle. In the SM case it is of about 
—7% at O.STeV, and —27% at 5TeV. The differences among the various MSSM cases and 
the SM one, are within ±1%. 

The total cross section is calculated by integrating for scattering angles in the region 
30° < 9 < 150°. The Born contributions to it for all e~e+ 77, 7Z, ZZ processes, 
and various polarization of the final Z states, are shown in Figs|21 Since the dominant 
Born amplitudes are energy-independent at high energies, the integrated cross sections 
decrease like 1/s, as shown in FigsOl 

The radiative corrections to the integrated cross sections are described in FigsEK, 
by the ratios ojaBom of the total cross section to the Born one, for SM and the afore- 
mentioned set of MSSM models. The energy behaviour of these ratios agrees with the 
asymptotic leading log expressions (fTIj) and (f73|) . for SM and MSSM respectively. Ac- 
cording to them, the main difference between SM and MSSM at high energy, stems from 
the respective factors (3 In s — In^ s) and (2 In s — In^ s) , and is independent of any other 
MSSM parameter. A measurement of the coefficient of the linear log term, could thus 
provide a signature discriminating between SM and MSSM. The magnitude of the effect 
is determined by the remark that if one puts an additional constant to the asymptotic 
cross section expression, and fits its value so that it agrees with the exact 1-loop result at 
5TeV, then the departure at 0.2TeV appears to be at the permille level. 

We also note that the above agreement between the exact 1-loop and the asymptotic 
predictions for the e~ —>■ 77 amplitudes, turns out to be rather insensitive to the masses 
of the virtual particles running along the loops. This applies also to all cases involving 
production of transverse gauge bosons; see below. On the contrary, as we will also see 
below, a large sensitivity to mass effects appears in the LT e~e+ —>■ Z'-f amplitudes, as 
well in the LT and LL e^e+ ZZ ones. 

The Left-Right polarization asymmetry A^ji defined in (jH)), with all final gauge po- 
larizations summed over, is shown in Fig]^. Since there is no Born contribution in 
e~^e^ — > 77, Alh is totally due to the electroweak loop-corrections. Comparing Figsll^,b, 
one can see that about the same type of effects appear in both, the cross sections and 
the Aifi asymmetries; (magnitude and sign of the SM and MSSM effects). Since A^j^ 
should be not affected by normalization uncertainties though, its measurement may be 
experimentally more interesting. 

As a final comment we note that in e~e~^ — > 77, there is no Higgs or NAGC contribu- 
tions. So this process is suited for studying the pure gauge and the gauge-lepton coupling 
structures of the electroweak corrections as well as their supersymmetric (gaugino and 
gaugino-slepton) counterparts. 

Results for e^e Z'j 

The unpolarized angular distribution in the Born approximation, and its radiative cor- 
rections described by the ratios of the differential cross sections da/daBom at O.STeV and 
5TeV, are shown in FigsEti'-d. Thus, the radiative correction effects are now of about 
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-8% at O.STeV, and -40% at 5TeV in SM; while the sensitivity to the various MSSM 
models is larger than in the e~e~^ — 77 process, (several percent at O.STeV, and few 
percent at 5TeV). This increase of sensitivity is mainly due to the LT amplitudes, and 
will disappear at asymptotic energies; see below. In any case, it is therefore interesting 
to study separately the behaviour of the cross sections for TT and LT final Z7 states. 

The Born cross sections (TBorni^^^^ {.Z'~^)tt, lt), (for producing TT or LT Z7 final 
states), are shown in FigsO^. As seen there, the TT cross section behaves like 1/s and 
quickly dominates the LT one behaving as m|/s^. As a result, the not-shown unpolarized 
Born cross section aBorn{G~^G~ (■Z^7)nnp), is almost identical to aBorn{e~^G~ {Z'~^)tt) 
for most of the energy region of the figure. 

The radiative correction effects on the unpolarized, TT and LT integrated cross sec- 
tions are described by the ratios in Figs|nK,b,c. Correspondingly, the radiative corrections 
to the Left-Right asymmetry are constructed in Fig Eli, by subtracting the ALji{Born) = 
0.2181 contribution, from the 1-loop result. 

As one can see from Figsint^,b,d, the radiative corrections to the unpolarized and TT 
cross sections and to the Aifj asymmetry, have a similar structure, which is also rather 
close to that of the 77 case, for both the SM and MSSM aspects. We have also checked 
that the high energy behaviour of the TT cross section^ agrees, with the asymptotic 
logarithmic expressions of ()76II79|) . and that its characteristics are similar to those of the 
77 case. 

The radiative correction to the LT cross section presented in FigsIHfc, requires a special 
discussion though; since the relevant helicity amplitudes are suppressed, behaving like 
M.l\fs. Probably because of this, they are also very sensitive to the (real and virtual) 
masses involved in the various diagrams. In SM, the scale M. is determined essentially 
by vfiw.z or (for the NAGC contribution); while in MSSM, the various new masses 
generate a strong model dependence. Illustrations are given for the same sample of models 
of [22] used in the previous figures. On can then see in FigEJ: various energy dependence 
structures, induced by chargino, neutralino or slepton thresholds. These appear in an 
energy range where ai,T should still be measurable. At higher energies, ai,T becomes very 
small and marginally observable except with very high luminosity colliders. 

There exist NAGC contributions to e'^e^ — > 7Z arising from the diagram in Fig. If 
involving a fermionic loop; but no Higgs contributions. The magnitude of NAGC for SM 
and a representative set of MSSM models [22] is shown in FigjT^-c, where one plots the 
difference between the ratios to the Born cross sections, with and without NAGC, for 
unpolarized, as well as TT and LT final gauge boson states. In Fig|7|l, the difference 
between the Left-Right asymmetry with and without NAGC, is also shown. 

As mentioned in Section 3, the magnitude of the NAGC effects, (created by fermionic 
triangular loops), decreases with energy faster than 1/s , jT7j. Moreover, at high energies, 
there is no interference between the NAGC and Born amplitudes because the Born TT 
amplitudes involve opposite gauge helicities, while the NAGC TT amplitudes concern 
equal gauge helicities only; in addition the Born LT amplitudes drop down so quickly, 

''This is also true for the unpolarized cross section to which the TT part is by far the dominant one. 
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that their NAGC interference is also forced to vanish quickly. Thus, the SM and MSSM 
NAGC effects for the models in FigsEI are at the permille level, and should be only 
marginally observable, except with very high luminosity colliders. 

It is conceivable, that forms of fermionic NP exist (beyond SM or MSSM), that only 
contribute through the NAGC diagram of Fig. If. We have looked at the sensitivity of 
such contributions to the Kl and /if couplings at first order, in a model independent 
way [IB]. Assuming a given experimental accuracy on the unpolarized integrated cross 
section and the Left-Right asymmetry, we obtain observability limits for the total NAGC 
contribution. Such effects are illustrated in FiglHti', assuming 1% accuracy, and taking the 
energies O.STeV and ITeV. 

Note that the (Tunp and A^^ constraints are almost orthogonal, allowing a good limi- 
tation on both NAGC couplings. This arises because cT„p mainly depends on /ig, whereas 
Alr is more sensitive to /if; which is just because the photon couples vectorialy, while 
the Zee coupling is essentially purely axial. As seen from Fig|H^, the implied sensitivity 
is likely to increase with energy. Thus, on the basis of Fig|H^, we conclude that only NP 
forms inducing e.g. percent level NAGC effects, could be observable through e~e+ 
measurements. 

Finally we come back to a point mentioned in the Introduction concerning the search 
for NP through NAGC measurements. Since the NAGC effects are intrinsically small, it 
is essential to have a good evaluation of the complete SM or MSSM radiative corrections, 
before looking for possible NP contributions. For example, at ITeV these radiative cor- 
rection effects are of the order of 10% on a or Alr, so that neglecting (or approximating) 
them, would invalidate the bounds one would put on the basis of NAGC. 

Results for e+e ZZ 

The unpolarized angular distributions at O.STeV and 5TeV are shown in FigIH^,b for 
the Born contribution, and in Fig|nb,d for the ratio {da/dcos6) /{da/ d cos 6)-BoTn- The 
radiative correction effects are now larger than in the 77 and Zj production cases. In 
SM they reach —15% at O.STeV, and —58% at 5TeV. The sensitivity to MSSM models is 
also increased, up to an additional —15%, especially at large angles. 

The integrated Born cross sections (using the same angular cut at 30°), are given in 
FigsOb for TT, TL and LL final states. As in the 77 and Z7 cases, (JBom — 1/s at high 
energies, which is much larger than the TL or LL cross sections, and therefore almost 
identical to the unpolarized one. In analogy to the Z7 case, the TL cross section is 
suppressed like m|/s^; while (JBom — l/-^^; compare (jHH). 

The energy dependence of the radiative corrections to the unpolarized and TT cross 
sections is presented in Figs]10b.b: it is similar to that observed for the other processes, 
and agrees with the logarithmic analysis at high energy contained in (j80|) . 

The same effects are also found in the Left-Right polarization asymmetry A^^, (for 
unpolarized final ZZ states). The Alr Born value is 0.4164, and the radiative correction 
to this value is shown in FiglTTk. 

The radiative correction to air is presented in FiglTUh where, one observes a strong 
model dependence, similar to the one seen in FigEt for the Z^^j case. 
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The case of a^L is even more interesting, because of the change of behaviour around 
ITeV appearing in FiglTUH. For ^/s < ITeV, one observes a suppression hke A^^/s^, 
aheady mentioned in connection with the Born LL contribution. Above ITeV though, a 
logarithmic increase arises, caused by the Higgs sector and discussed at the end of Section 
4; compare (jHSj). 

Finally, in Figslllb.c.d. we show the Higgs mass dependence of the radiative correc- 
tions in the SM case, for TT, TL and LL productions. We plot the ratios to the Born 
contribution, of the differences between the tuh = 0.3 TeV or uih = 1 TeV cross sections, 
from the mn = 0.113 TeV case. 

The role of the NAGC 

In the e~^e~ —>■ ZZ process, the SM or MSSM NAGC contributions /g only exist for the 
TL amplitudes ^Hl- In the above illustrations, the unpolarized or TL cross sections, as well 
as the Alr asymmetry, are containing these contributions. The situation is different from 
the e~^e~ Zj case because the roles of 7 — NAGC and of Z — NAGC are interchanged 
due to the different chirality structure of the Born terms which interfere with the NAGC 
amplitudes. Consequently aunp is mainly sensitive to whereas A^ji is mainly sensitive 
to /g . The net NAGC effects are shown in Fig|T^-c. and as in the Z7 case, they are at 
most at the permille level. 

As for the Z7 case, we have also made a model independent analysis of the sensitivity 
to unknown /g couplings, at first order in aunp and Am- The result is shown in FiglSlD for 
0.5 and 1 TeV, assuming again 1% accuracy on these observables. The orders of magnitude 
and the prospects for observability are comparable to the Zj case. Thus, SM and MSSM 
contributions will be marginally observable and only stronger NP contributions may be 
constrained. 

6 Physics issues and Conclusions 

In this paper we have made a complete analysis of the processes e+e~ '-ff, '-fZ, ZZ, 
including electroweak corrections at the one loop level in the context of SM and MSSM. 

These processes are particularly interesting in various aspects. From an experimental 
point of view, the final states are easy to detect. From the theoretical point of view, 
these processes have a simple structure providing clean tests of the properties of the 
electroweak interactions. At tree level there is no s-channel term (contrary to the WW 
case); the Born terms are only due to electron exchanges in the t and u channels. There 
are no QCD or Yukawa contributions; the identification of the electroweak corrections 
should then be very clean. 

We have computed them completely, both within SM and within MSSM. We have 
given these results, in analytical form, apart from the exact 1-loop Box contributions to 
the 11 types of independent contributions, for which we provide MATHEMATICA and 
FORTRAN codes upon request. In all cases, we have shown how the corrections are 
constructed in each sector; gauge neutral, gauge charged, Higgs, and the supersymmetric 
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counterparts. Special emphasis has been put to the study of how these contributions 
behave with the energy, and how they match with the high energy logarithmic expressions 
expected from general rules. 

We have then computed numerically the effects on many possible observables at vari- 
able energies; i.e. integrated cross sections, Left-Right asymmetries and angular distri- 
butions, for unpolarized and polarized initial and final states. We next summarize the 
results and the physics issues. 

The electroweak radiative corrections are large and grow with the energy. They are of 
a few percent in an energy range of at few hundreds of GeV, reaching already 10% at 1 
TeV. They then continue to grow according to the logarithmic rules. Such effects should 
be observable at the high precision future colliders plEj, whose accuracy should reach 
the percent level or even better. 

In e+e" 77, the natural observables (angular distribution at large angles, integrated 
cross section, Alr asymmetry for unpolarized 77 final states) reflect the gauge (gaugino) 
structure of the electroweak interactions in a clean way. Below 1 TeV, the various con- 
sidered MSSM benchmark models of differ from SM within the ±1% level. Above 
1 TeV, the model dependence (for models involving relatively light supersymmetric par- 
ticles) vanishes, and the effects match the asymptotic rules giving in MSSM a growing 
contribution like 21ns — In s (times the Born amplitude), instead of the 31ns— In s factor 
expected in SM. So at asymptotic energies, we could in principle discriminate between SM 
and MSSM; although we would have no means to choose among MSSM models involving 
relatively light supersymmetric particles. The Al^i asymmetry shows the same effects as 
the unpolarized cross section, a feature which may be experimentally interesting. 

The same properties can be observed in the unpolarized or Transverse- Transverse 
e+e^ Z'-f, ZZ cross sections and Alh asymmetries. The model dependence is somewhat 
larger at low energies, but it also vanishes in agreement with the logartthmic rules at 
high energies. In these processes the "mass suppressed" TL cross sections are strongly 
decreasing with the energy and model dependent. Up to the 1 TeV range though, these 
TL cross sections should still be measurable, giving interesting tests of the MSSM models. 

In e^e~ — > ZZ, the LL cross section has peculiar features associated to the Higgs 
sector. It is strongly decreasing with the energy up to 1 TeV, but above 1 TeV a flat- 
tening of the energy dependence appears which depends on the value of the Higgs mass. 
However this happens at a level which is only marginally observable with the expected 
LC luminosities. 

The e+e~ Z7, ZZ processes are sensitive to the so-called NAGC, hj'^ and /s'^. 
Below 1 TeV, the SM and MSSM contributions to these couplings should be marginally 
observable. But the above processes could give interesting limits on possible additional 
NP NAGC contributions, which (to the extent they are described by local effective La- 
grangians) would lead to contributions growing with the energy. 

In conclusions these three processes present a large panel of interesting properties. 
They are extremely simple at Born level, but extremely rich in information at the one loop 
level. The 77, Z7, ZZ final states are complementary for the study of the gauge (gaugino) 
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sector, the MSSM models, the Higgs sector and the search for Neutral Anomalous Gauge 
Couplings. They should be considered as a part of the research program at the future 
high energy colliders, demanding for the highest luminosities. In the very high energy 
range (several TeV), higher order effects (two loop effects and/or resummation) should 
also be computed, in order to make really accurate theoretical predictions,. The several 
TeV domain indeed appears to be the region where the electroweak interactions start 
becoming strong. 
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Appendix A: Kinematical details. 



According to (HI El El), the invariant amplitude of the process 



e-(A,/) + e+{\\l')^V{e,p) + V\e\p') , 



(A.l) 



may be written as 



Fx 



v{X',l') Ij Nj{s,t,u,X) u{X,l) 



(A.2) 



When the electron mass is neglected, so that A' = —A in both the SM and MSSM models, 
and the 9 invariant forms is ()A.2|) are 



Ji = (e-/)(7-e') , J2 = (e'-/)(7-e) , = (e ■ 0(e' ■ 0(7 ■ p), 

/4 = (e-e')(7-p) , /5 = (e-p')(7-e') , h = {e ■ p'){e' ■ ■ p) , 

h = {e ■ p){l ■ e) , Jg = (e'-p)(e-/)(7-p) , Ig = {e ■ p){e ■ p){-f ■ p) . (A.3) 

The related scalar amplitudes Nj{s, t, u, A) may be split according to the electron helicity 
as in dSEl). 

The transverse and longitudinal amplitudes implied by ()A.2|) . are: 
• TT amplitudes, /i = ±1 and fi' = ±1 




- 2A/i'cose)A^i - fi'il + 2A/i cos^)A/'2 




(A.4) 



• TL amplitudes, /i = ±1, fi' = 




-2XfiNs'}iA.5) 



• LT amplitudes, /i = 0, /i' = ±1 




(A.6) 
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• LL amplitudes, /i = 0, /x' = 

-(5s{(3 - Po cos9){P + cos 9)N3 - 4/?(/?o/3o + /?')^4 
+8PiP'oN, - PoN-r) - 2s(3\(3 + (3'^ cos e)N^ 

-2sl3'^{l3 - l3ocose)N^-Asl3^Ng^ , (A.7) 

where 9 is the cm. scattering angle and 

2|p1 2po _ 2p[, 

with \p\ being the magnitude of the cm. momenta of the final gauge bosons and po, Po 
their energies. 

In the specific case of the process e~e+ — > 77, only 4 TT amplitudes appear involving 
the (iVi, A^2, -^V^s, A^4) functions. In this case 

s + t + M = , /3 = /5o = /?^ = l. 

In the case of e~e^ —>■ Z7, where the gauge boson polarization and momenta are 
defined by Z{e{fi),p) and ■y{e'{fi'),p'), there exist only 6 TT and LT amplitudes receiving 
contributions from (iVi, ... Nq). In this case 

2 2 

s + t + u = ml , /3 = /3o=l , /3o = l + — . 

s s 

Finally, for e~e~^ — » ZZ the complete set of Ni, ... Ng contributes to the 9 TT, TL, 
LT and LL amplitudes with 

s + t + u = 2ml , p^ = l ^ , /3o = /3^, = l . 



Appendix B: The chargino and neutralino mixing matrices. 
The chargino mixing. 

The Left flavor space chargino fields of positive and negative electric charge^ 
«See e.g. Eqs.(A.26-A.35) in ES. . 
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are related to the mass-eigenstate chargino fields by 

2 2 

where a = 1, 2 counts the charginos in the flavor space, while j = 1, 2 in space of the 
mass eigenstates. Assuming that the MSSM breaking parameters Mi, M2, fi are real 
and choosing the arbitrary phases so that M2 > 0, the chargino physical masses may be 
written as 

M^,,^, = i=[M| + ^^' + 2ml. T D]'" , (B.3) 

where 

b = [(M^ + /i^ + 2m^)2 - 4(M2/i - sm{2P)f] , (B.4) 



while the mixing matrices defined in ()B.2j) for the negative and positive Left-charginos 
are 

jj ^ f COS0L Bl sin (f)L\ v=( BRsm(f)ji\ ,^ 

\-Bl sin (pL COS0L J ' \-BRsin(f)R coscpR J 

where (I)l,4>r ^^re defined as 

COS0L = ^[D-M2^ + /i2 + 2m^cos2/?]^/2 , 

V2b 

COS0/J = ^[D-M2 + /i2-2m^cos2/5]^/2 , (B.6) 

V2D 

so that they always lie in the second quarter 

|<0L<vr , ^<(pR<7r . (B.7) 

Because of this definition sin 0^ are always positive demanding that the appearance of 
the sign coefficients 

Bl = Sign(/i sin (3 + M2 cos (3) , 

Br = Sign(/icos/5 + M2sin/5) , (B.8) 

appear in ()B.5jl . In addition the sign-coefficients 

= Sign(M2[D - + /i^ _ 2m^] - 2m^/i sin 2/3) , 
ri^2 = Sign(/i[D - + /i^ + 2m^] + 2m^M2 sin 2/?) , (B.9) 



also enter ()B.2|) . determining the way the left and right charginos combine in the Dirac 
field. 

For comparison with the notation of |21] we note that the matrices defined there 
are given by 

Zij=V,aVcj , ^-=f/,a , (B.IO) 
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for real Mi, M2 and /i parameters. 

Using (jB.lOl IB.5|) , the chargino contribution to ()C.24|) is then determined from 



I 7+1 



\Vn\ 



(B.ll) 



The neutralino mixing. 

We follow the notation of [2^1 and continue restricting to real Mi, M2 and /i parameters. 
In the space of the Left neutralino fields 



w 



(3) 



HI, 

\ H'2L J 



(B.12) 



the mass-matrix is of course symmetric and given by 



Y 



( Ml — m^svK cos /3 

M2 'rnzCy/ cos /? 

— m^svt'cos/? m^ci^ cos/? 

y m^siy sin /? — "mzCvK sin /3 — /i 



vTizSw sin /5 \ 
-m^ciy sin /9 
-/i 

/ 



(B.13) 



/M^o 



(B.14) 



This is diagonalized through the real orthogonal transformation f/° giving 

\ 

M^o 

M^o 

V 0' M,o/ 

where the real eigenvalues M^^ can be of either sign and have been ordered so that 

|M,o| < |M,o| < |M,o| < |M,o| . (B.15) 

The quantities M^o are the "signed" neutralino masses which are directly determined by 
'^j 

solving the characteristic equation implied by ()B.14|1 using e.g. the formalism in |2E] or 
Eqs. (10-18) in Their absolute values determine the physical neutralino masses M^o, 
while the related signs r^j are determined by 



M^o = f]jM^o with 



Vj 



±1 



(B.16) 



Following (|2n], the definition (r/j = 1 or i) is also introduced, so that rij = 1]^. The 
relation between the flavor and mass-eigenstate neutralino fields is then given by 



(B.17) 
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where the index a (as well as /? in the next paragraph) counts the neutralino flavor 
components, while the index j refers to the mass-eigenstate ones. Of course both indices 
run from 1 to 4. The above neutralino matrix is related to the one defined in |21] 
by absorbing it in the f]j phases as 

zl = Km ■ (B.18) 

As shown in |25j, all neutralino related physical observables in the case of real (Mi, 
M2 and /i), can then be expressed in terms of the signs rjj, and the four density matrices 
Pj, [j = 1, ...4) describing the flavor composition of each of the four neutralinos. These 
density matrices act in the flavor space and are given by 

P?., = K,U',, ■ (B.19) 

As expected for any density matrix describing pure states, they have the mathematical 
properties of projection operators and may be immediately calculated from [221 12Z1 



pO 

-'2 



pO 

^3 



iM^o-Y)iM^o-Y)iM^o-Y) 

{M,o-Y){M^o-Y){Y-M^) 

(^x2 - ^x§)(^xg - %j)(^x§ - 

iM^o-Y)iY-M,o)iY-M,o) 
(M^o - M^o)(M^o - M^o)(M^o - 



p° = ^^^—^ — — , B.20 

(M,o-M,o)(M,o-M,o)(M,o-M,o) 

where Y is given in ()B.13|) . 

In terms of by-linear forms of the Z'^ mixing matrix defined in ()B.18|) , the above 
neutralino density matrices and signs satisfy 

which fully describe all neutralino loop contributions. 



The chargino and neutralino couplings. 

In terms of the chargino and neutralino mixings defined above, we list explicitly below 
the couplings needed for describing the charginos and neutralino contributions to the Z 
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and W self-energies. They are given by the interaction Lagrangian 

2 



2S]yC\Y 



+ of,"" iWxU 



4 



«J=1 



2 4 



i=i j=i 



o 



+ 0^ 



2 4 
\ ^ \ ^ f ~0 



i=i j=i 



o 



(1-7^) 



+ 



R. (1 + 7^) 



The Z-chargino couphngs in ()B.23|) are given by (compare ()B.10|1 



O 



ZL 
ZR 



2s^) = r]ci7]cjViiVji + 5ij{l - 2s 



Z-^Z-; + 5,,{l - 24) = f/,if/,i + 5,,{1 - 24) 



where (jB.5jl . |R6|) are needed. For the neutrahno couphngs 



OZL 



OZL* 



-O 



OZR 



-o 



OZR* 

i'j 



rvN* ryN 

^4i ^4j 



ryN* rvN 

OrrO 



the needed bihnear terms are 



(B.23) 



(B.24) 



(B.25) 



fjOZLf^OZL 

ij ji 



qOZRqOZR 

ij ji 



pO pO I pu pu 
133-' i33 "T -< 144-' i44 



opO pO 

134-* j34 ) 



fuhy defined in terms of the neutrahno density matrices in ()B.20|) . 

FinaUy, the l^-couphngs in (|R23|) are given using (Ib31 IrToI IrTtI IrT8|) 



7+ yN ^ y+ yN 



^i^^2T 



(B.27) 



where the first index counts the chargino and the second the neutrahno. The correspond- 
ing bihnears needed for the VT-self-energies are 



1 



miY + iuay]p^,, + - m^yp^,, + {u,2Ypu 

-V2V,lV,2P-2A + ^U^iU^2P%^ , 

1 



2ricirij 
1 

"71 



VilUilPj22 + 



Vi2^j 1-^/24 



2^i2f/i2-P°34 



(B.28) 
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The use of ()B.18|) allows to express the neutralino contribution to ()C.24|) in terms of 
the neutralino density matrix elements defined in ()B.20|) through 

= P'u ■ (B.29) 



Finally we should emphasize that for calculating the virtual chargino and neutralino 
contributions, it is essential that all masses and couplings are calculated together at the 
same accuracy, from the "electroweak scale" values of M2, Mi, /i, tan/?; otherwise the 
chargino- neutralino contribution to e.g. the renormalized gauge self energies will not be 
finite, inducing spurious scale dependencies to the numerical results. 



Appendix C: Gauge self-energies, Electron self-energies and 
renormalization constants. 

CI) Gauge self-energies. 



The needed gauge renormalization constants are expressed (using the renormalization 
conditions, 19 ) in terms of gauge self-energies denoted by^ ^vv are given in Appendix 
B, for SM and the generic minimal MSSM case. 

Using the unrenormalized gauge self-energies and ()18|) , the gauge wave- function renor- 
malization constants satisfy (compare p7|) ) 

SZw = (0) '^^^^E^ziO) +^^-^ J:ww{ml^r) - c^T.zz{ml] 

6Zb = -3?(s;^(0) + ^^S^z(0)-^^[Sw(m2w^)-4Szz(m|)j) ,(C.l) 

while the additional renormalization needed for the SU (2) gauge coupling is 

SZ2 = ^ S^z(O) . (C.2) 

m^z^wCw 

Using ()C.1|) . we then write the derivative of the renormalized Z-self-energy and the 
7Z-mixing at the Z-shell contributions entering (fTTl IT^ as 

^zzi^z) = ^zzi^z) + CwSZw + s\^5Zb , 

T.^z{rn\) = T.jzi'ml) +m%swCw{SZw - SZb - SZ2) . (C.3) 



^To define their phase we give their relation to the S-matrix element as Sfi ~ —ig^u^vv- 
The various couplings are defined as in See also e.g. pil28|. 
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We now give the expressions for the various contributions to the transverse unrenor- 
mahzed gauge self-energies in the MSSM (without CP-violation) and at the end of this 
part we give the recipe for restricting to the SM case. The relevant MSSM couplings 
for the chargino and neutralino loops are summarized in Appendix A. In each case, we 
first give the contributions from the gauge bosons, from the two Higgs doublets, from the 
standard quarks and leptons with isospin charge Qj and Z-couphngs 

y^=ll^lRl3L , af = -^, (C.4) 

subsequently the contribution from a sfermion / whose mixing angles we denote as 

c§f = cos(^/) , Sg^ = sin(^/) , 

following the same notation as in fS' , and finally the contribution from the chargino and/or 
neutralino loop. 

All soft MSSM breaking parameters and fi are taken as real, and the phases of the 
appropriate fields are selected so that M2 > 0. 



Contributions to T,zz{k'^)- 

The respective W plus Higgs, fermion and sfermion contributions to the Z-self-energy 

are 

J:zz{k; gauge + 2H) = — ^( sm'{(3 - a) [mlB^' - Bg^' - 

+ cos\(3 - a)[mlB^^' - B^f - - cos\2e^)B^,'^' + \[A^^' + A^' 

-[4ctye + 2ml,cos{2ew)]B^'^ + ^[12cty-Acl, + l]A'^-'^c^^^^ , (C.5) 

^zz{k; f) = -^J2^c{{vj + a})[-2BM + A^ + {m) - ^)Si(^] 
/ 

-{v) - a))m)Bif] , (C.6) 
^zz{k; /) = -j-^Y.^lUlicl - Qfsl,fBi\f^ + siamllf^ + Bilf^] 

-2[{ll - Qfsl^fsl + Q)s'^cl]Af^ } . (C.7) 
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In ()C.61 IC.7|) Nf is 3 or 1, depending on whether / is a quark or a lepton respectively. 
For the neutrahno and chargino contributions we get 



1) 



a 



Ef pO pO _|_ pO pO _ 9 pO pO 



2B. 



22 



(Ci 



a 



(C.9) 



Contributions to 

The respective W plus Higgs, fermion, sfermion and chargino contributions to the 
photon self-energy are 



T,^^{k; gauge + 2H) 

^77(^1 /) 
^77(^1 /) 

^77(^1 xt) 



27r I 

+2«;=i;r''+y} . 



a 

2^- 



E A/'/gjj - A^^ - A^^ + 2By^ + 25, 



/2/2 
22 



J = l 



(C.IO) 
(C.ll) 

.(C.12) 
(C.13) 



Contributions to ^^^(A;^). 

The respective plus Higgs, fermion, sfermion and chargino contributions to the 
photon- Z mixing are 



S^z(fc; gauge + 2H) = -—{ 



a rcos(26' 



w 



An \ swcw 



^ cw 

Sw 



^BZ"^ - AA^ + (2m| + 4A;2)i?o^'^ + — 



2_^2 



2m|siyCH'i?o 



A;2 



/) = - Y.NiQfV^\Ai - 2B(i - -B^ 



^^z{k-J) 



f 
a 



(C.14) 
(C.15) 
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+ i4sl - Qfs'w){2B(f - Af^)] , (C.16) 



Contributions to H^rwik"^)- 

The respective gauge plus Higgs, fermion and sfermion contributions to the W self- 
energy are 

Eww{k; gauge + 2H) = + A''° + (1 + 8^)^^ + A^" + lOA^ + 2A^^] 

jAO/f+ _ , o 2 nrZW _ Q 2 r^-yW , / 2 _ Q_2 _ .2 7,2n R^W^ 



-5^1^^ - (1 + 8ci^)B^r - 8siyBl^ + (mi - 3m^ - 4c^h.A;^)5o^ 



-4.2^fc2i?o^^ - ^ 1^ , (C.18) 



=£j- Y: Nf{2B^--^^+ ^' -m,-mj ^,^^ ^^^^^^ 

/boublct 

/boublct 

- \[clA'' + sjA^^ + c]/^ + sjA'^] } , (C.20) 

where the summation in ()C.191 IC.20|) is over the fermion doublets /doublet = (w, d) with 
color factor . Finally the chargino-neutralino loop gives 

~{e - - M|o)So'^*^'] - {Op^* + Oj^*0^)M^^M^oBf^'^} . (C.21) 



The above expressions refer to the MSSM case. In the SM case, one should suppress 
the sfermion, chargino, neutralino, H~^, A^ and contributions. The contribution is 
then identified with the Hsm one, provided we put a = P — n/2. 

C2) Electron self-energies 

The unrenormalized electron self-energy^" defined by 

Se(g) = i ^Le{q') + i ^Re{q') , (C.22) 

"'^''its phase is related to the corresponding S-matrix element by See — i^e- 
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receives contributions from SM (photon, Z and W loops) 



a 

a 
2^ 



2^ (2s 



2 



Bp\q') + ^-^Br\q') + 



4,2 p2 



■Bf\<f)+^Br\<f)+ 

1 



1 + 2c2 ^ 



C 



2r2 



(C.23) 



and from the MSSM chargino and neutrahno loops 



a 



1 



yX 



+ |2^fc-.)(^2^ 



27rc^ 



(C.24) 



The sum of (l(^.23jl and ()(I24jl gives of course the total contribution to the electron self 
energy at the 1-loop level. 

The electron renormalization constants are given by 



SZie = Zlc - 1 = -SLe(O) , 5ZRe = Zue - 1 = -E/je(0) 

and the renormalized electron self-energies are as: 



(C.25) 



T.Uq^) + 5Zl^ 
T.R,{q'') + 5Z, 



Re 



(C.26) 



All these contributions from the electron and gauge self energies have been included 
the renormalized Born contributions of Sect. 3. 2. 

We may also remark that the renormalized electron self-energy contributions are in- 
duced by the t- and w-channel electron exchanges in Fig.lc and the related counter-terms. 
Since the residue of the renormalized electron propagator implied by ()C.25|) is unity, the 
contribution from a diagrams like in Fig. la is cancelled by that induced from the electron 
self-energy counter term. 

The terms involving the renormalized gauge boson self energies in Section 3.2 are 
generated by the non-unit residue of the renormalized Z-propagator and the non- vanishing 
7Z-mixing at the Z-mass shell. These contributions arise from diagrams like Fig. lb 
and the related gauge self-energy counter terms. Finally, the remaining renormalization 
contributions involving SZ^e, ^Zr^. and 5Z2 arise from the counter terms to the Vee 
vertices. 



Asymptotic expression of the internal electron self-energies 

For X = t, u much larger than all masses M in the loop, electron renormalized self-energies 
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behave like 



a 
An 

a 
An 



'1 + 2c2 



4s2 -^2 



+ 



/ ] 



/ SM V As^C^ J MSSM- 



In 



\x\ 



C^J SM ^C^'' MSSM 



In 



\x\ 
M2 



(C.27) 
(C.28) 



These expressions will be useful for calculating the asymptotic expressions for the ampli- 
tudes e-e+ W. 



Appendix D: Details of triangle contributions. 

We express here, in terms of Passarino-Veltman functions, the triangle contributions to 
the quantities defined in Sect. 3. 3. The expressions are labeled by referring to the particles 
(abc) running inside the loops in Fig.ld,e,f. Through an arrow (— we also indicate the 
leading logarithmic terms arising in the asymptotic regime, together with the divergent 
part A = i - 7 + ln(47r). 

• e^e"^ — > 77 

The contributions from Fig. Id, where the three particles running along the loop are indi- 
cated as upper indices, are: 



bf^ or z){t) = or z){t) = -2[t{C^2 + C23 + Cn + Co) + 2C24 - 4](^- - 
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i 

a^i{t)^tJ2\Z^mCi2 + C2s]^^^'-'-^ ^ . (D.l) 

i 

The only other triangular contribution, arising from Fig.le and involving the {vgWW) 
string and the 4-leg WWjj coupling, is 

Np = - 4-[Co + Cn - Ci^]^'^^^^) ^ - ^In^ . (D.2) 



• e e"*" — » ZZ 

The diagram of Fig. Id now gives 

bf, or z){t) = bf^ ^ z)it) = -2[tiC^2 + C23 + Cu + Co) + - 4 
+m|(C22 - C23 - Cn - Co)](^^^ ^'"^ ^ - (A + In^) , 
b'{^{t) = -2[t(Ci2 + C23 + Cu + Co) + m|(C22 - C23 - Cn - Co) 
+2C24-4](^"^"^) ^ -(A + lni) , 

bw(t) = [-i(Ci2 + 2C23 + 2Cn) + 2m|(Cn + C23 - C22) - I2C24 + S]^'^^^^) 

b%it) = E(^H*^^ + C^)(^4T^4? - ^3T^3?)(^S«H^ + ^2^C^)[^(Cl2 + C23) 

+ml{C^, - C23) + 2C24 -\+ M^.M^.{Z^*ZZ - Z^*Z^,)C,f-^'^^'i^ , 
6g(t) = Zt:zt, { [Zt^t; + - 25^^)][t(Ci2 + C23) + m|(C22 - C23) + 

+2C24-^]-[^ir^i- +5.,(l-2.2^)]M,+ 7V/,.Co}(-^^^^^ ^ c^^(A-lnii) 

^S(^) - E i^;r[^24]«"--) - ^(A - In Ji) , 
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= -4«^v^ E ^H^iT [^4? ^4^ - ^3r^3'?] [ t{C^, + C23) + m|(C22 - C23) 

ij 

+2C,,-\ + M^.M^[zZz^;-z^,z^;]c,f^^^^^ o , 
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while Fig.le and the 4-leg WWZZ couphng give 
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The NAGC contribution corresponding to Fig. If and discussed in Sect. 3. 3, has been 
calculated in jTTj ; except for the neutralino contribution to the ZZ Z-NAGC coupling, for 
which only restricted Z-neutralino couplings were considered allowing only one or at most 
two different neutralinos to be running along the triangular loop. Following the same 
formalism, we give bellow the neutralino contribution to the ZZ Z-NAGC couplings for 
the most general CP-conserving Z-neutralino couplings of ()B.25|) . This is 
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+i?o(s; ji, j3)(M|o^ + M|o^ - 2MloJ + So(m|; j2, j3)(M|o^ + M^o^ - 2MloJ] 
, Czzis;jij2j3) 
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+ (M|o^ + M|o^ - 2M|o^ - 2m|)Czz(s; J1J2J3)} 



(D.5) 
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The quantities corresponding to Fig. Id are the same as those defined for the 77 and ZZ 
final states. We only need to add the specific contributions from Fig.le, with {ahc) = 
(ueWW) and the 4-leg WW'jZ coupling 
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Appendix E: Asymptotic renormalized Born and triangle con- 
tributions. 

We list here the single and double logarithmic leading contribution for jYj'="+^°™ 
and NJ" entering ()19|) . when [s, t, u) are much larger than the internal propagator 
masses. The Born terms and jsi^"^"-'^ appearing below have already been defined 

in Sec. 3.1. 
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Asymptotic contributions to A^J". 
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The leading-log contributions to the triangle amplitudes are: 
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where the four lines in each equation are induced by the photon (with ultraviolet mass 
My), Z, W and the MSSM sectors, respectively. 
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The triangle amplitudes receiving leading-log contributions are: 
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The triangle amplitudes receiving leading-log contributions are: 
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Concerning the NAGC couplings discussed in Section 3.3, and calculated in [T7] and 
, we note that in the asymptotic regime they are always found to vanish; i. e. f2' ^ — > 



Appendix F: Asymptotic contributions from box di- 
agrams 

Leading In s and In^ s order contributions only arise from SM boxes of the types k = 
1, 2, 3 defined in Sec. 3. 4. The purely MSSM boxes, which are of types {k = 4, 5, 6), provide 
only subleading logarithmic contributions like ln(s/t). The SM or MSSM contributions 
from the type k = 7 box, vanish asymptotically like M'^/s. 

The box amplitudes receiving leading-log contributions are: 
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+ iV|'«-(mH.) -^Pl + "sym" | . (F.3) 



The meaning of +"sym" in the above equations has been given in Section. 3. 4, while 
discussing flB^ . 
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The complete Box contributions to N^°^ have been analytically calculated and used in 
the numerical calculations presented in this paper. Since, these expressions are enormous 
though, we refrain from giving them in the text and only list their asymptotic leading-log 
contribution. Below we write for each such form, in a first step (-^) the full logarith- 
mic expressions obtained from the asymptotic expansion of the Passarino-Veltman Dij 
functions; and in a second step {=^) the leading (In-rj^-, In^— 1^2 
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Box type A; = 3; (abed) = (VffV) 
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Box type A: = 4; (abed) ^ {S f f f) . 

In sect. 3. 4 we have separated this box contribution into 4 parts coming from different 
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combinations of the kinetic and massive parts of the three fermion propagators. The 
k — AB, 4C, AD parts asymptotically vanish like js. 
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Box type A; = 5; {ahcd) = {fSSS) 
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Box type A; = 6; (abed) = (SffS) 

In Section 3.4 we have separated the contribution of this box into two parts: 6A coming 
from the kinetic part of the fermion propagators and 6B coming from their massive part. 
The k — 6B part asymptotically vanish like M^/s. 



6A, Box 



= 7V2'^, -Box ^ 



6A, Box 



, 



Nl 



6A, Box 



n: 



6A, Box 



s u 



u 



, 



(F.9) 



, 



49 



6A, Box 



n: 



6A, Box 



n: 



6A, Box 



StU L U 
S 

2 



stu 



t 

u 

u In 



50 



References 

[1] Opportunities and Requirements for Experimentation at a Very High Energy e~^e~ 
Collider, SLAC-329(1928); Proc. Workshops on Japan Linear CoUider, KEK Reports, 
90-2, 91-10 and 92-16; RM. Zerwas, DESY 93-112, Aug. 1993; Proc. of the Workshop 
on e+e" Colhsions at 500 GeV: The Physics Potential, DESY 92-123A,B,(1992), 
C(1993), D(1994), E(1997) ed. P. Zerwas; E. Accomando et.al. Phys. Rep. C299,l 

(1998) . 

[2] " The CLIC study of a muhi-TeV e+e" linear collider", CERN-PS-99-005-LP (1999). 

[3] G.J. Gounaris, P.I. Porfyriadis and P.M. Renard, < hep-ph /9909243 , Eur. Phys. 
J. C13,79 (2000); G.J. Gounaris, J. Layssac, P.I. Porfyriadis and P.M. Renard, 
"hep-ph/9904450, Eur. Phys. J. C 10,499 (1999); G.J. Gounaris, P.I. Porfyriadis and 
P.M. Renard, ,hep-ph/9902230 , Eur. Phys. J. C9,673 (1999). 

[4] V. V. Sudakov, Sov. Phys. JETP 3, 65 (1956); Landau-Lifshits: Relativistic Quantum 
Field theory IV tome (MIR, Moscow) 1972. 

[5] M. Kuroda, G. Moultaka and D. Schildknecht, Nucl. Phys. B350,25 (1991); 
G.Degrassi and A Sirlin, Phys. Rev. D46,3104 (1992); W. Beenakker et al, 
Nucl. Phys. B410, 245 (1993), Phys. Lett. B317, 622 (1993); A. Denner, S. Dittmaier 
and R. Schuster, Nucl. Phys. B452, 80 (1995); A. Denner, S. Dittmaier and T. Hahn, 
Phys. Rev. D56, 117 (1997); P. Ciafaloni and D. ComeUi, Phys. Lett. B446, 278 

(1999) . 

[6] M. Beccaria, P. Ciafaloni, D. Comelli, F. Renard, C. Verzegnassi, Phys. Rev. D 61, 
073005 (2000); Phys.Rev. D 61, 011301 (2000) % 

[7] A. Den ner, S. Pozzorini, Eur. Phys. J. C18,461 (2001); Eur. Phys. J. C21,63 

(2001) , [hep-ph /001020l| 

[8] M. Beccaria, P.M. Renard and C. Verzegnassi, Phys. Rev. D63, 095010 (2001); 
Phys.Rev.D63, 053013 (2001). 

[9] M. Beccaria, M. Melles, P.M. Renard and C. Verzegnassi, Phys.Rev.D65, 093007 

(2002) . 

[10] M. Ciafaloni, P. Ciafaloni and D. Comelli, Nucl. Phys. B589, 4810 (2000); 
V. S. Fadin, L. N. Lipatov, A. D. Martin and M. Melles, Phys. Rev. D61, 
094002 (2000); J. H. Klihn, A . A. Penin and V. A. Smirnov, Eur. Phys. J C17, 
97 (2000); M. Melles, |hep-ph/0104232| J. H. Kiihn, S. Moch, A. A. Penin and 
V. A . Smirnov, Nucl. Phys. B616, 286 (2001). M. Melles, PSI-PR-01-11, Aug 2001, 
|hep^ph/0108221, M. Melles Phys. Rev. D63, 034003 (2001); Phys. Rev. D64, 014011 
(2001), Phys. Rev. D64, 054003 (2001). M. Melles, Phys. Lett. B495, 81 (2000); 
W. Beenakker, A. Werthenbach, Phys. Lett. B489, 148 (2000); hep-ph/0112030| 
M. Hori, H. Kawamura and J. Kodaira, Phys. Lett. B491, 275 (2000). 



51 



[11] M. Beccaria, F.M. Renard and C. Verzegnassi, Phys.Rev.D64, 073008 (2001). 



[12] M. Beccaria, F.M. Renard and C. Verzegnassi, |hep-ph/0203254| 



[13] J. Layssac and F.M. Renard, Phys.Rev.D 64,053018 (2001). 

[14] I.F. Ginzburg, G.L. Kotkin, V.G. Serbo and V.I. Telnov, Nucl. Instr. and Meth. 
205, 47 (1983); I.F. Ginzburg, G.L. Kotkin, V.G. Serbo, S.L. Panfil and V.I. 
Telnov, Nucl. Instr. and Meth. 219,5 (1984); J.H. Kiihn, E.Mirkes and J. Steeg- 
born, Zeit.f.Phys.bf C57,615(1993). V. Telnov, hep-ex/0003024, hep-ex/0001029 
fiep-ex/9802003, hep-ex/98 05002, hep-ex /9908005: I.F. Ginzburg, hep-ph/9907549 
R. Brinkman hep-ex/9707 0l7| V. Telnov, talk at the International Workshop on High 
Energy Photon Colliders, 1http: / /www.desy.de/] gg2000, June 14-17, 2000, DESY 



Hamburg, Germany, to appear in Nucl.Instr. & Meth. A.; D.S. Gorbunov, V.A. Illyn, 
V.I. Telnov, hep-ph/0012175, 

[15] M. Bohm, T. Sack, Z. f. Phys. C33,157 (1986); M. Bohm, T. Sack, Z. f. Phys. 
C35,119 (1987); A. Denner, T. Sack, Nucl. Phys. B306,221 (1988). 

[16] K. Hagiwara, R.D. Peccei and D. Zeppenfeld, Nucl. Phys. B282,253 (1987); G.J. 
Gounaris, J. Layssac and F.M. Renard, Phys. Rev. D61,073013 (2000). 

[17] G.J. Gounaris, J. Layssac and F.M. Renard, Phys. Rev. D62,073013 (2000); Phys. 
Rev. D62,073012 (2000); D. Choudhury, S. Dutta, S. Rakshit and S. Rindani, Int. 
J. Mod. Phys. A16,4891 (2001), hep-ph/00 112051 



[18] ALEPH, DELPHI, L3, OPAL, LEP Electroweak Working Group and SLD Heavy 
Flavor and Electroweak Groups (D. Abbaneo et al.), |hep-ex/01 12021| P. Bambade 
et al, "Study of Trlinear Gauge Boson Couplings ZZZ^ ZZ'y and ^77" , DELPHI 
2001-097 CONE 525, contributed to EPS HEP 2001 Conference in Budapest; L3 (M. 
Acciarri et al.), Phy s. Lett. B497,23 (2001), hep-ex/0010004, J. Alcaraz Phys. Rev. 
D65,075020 (2002), |hi^h/0111283| 

[19] See e.g. W. Hollik, in "Precision Tests of the Standard Electroweak Model", edited 
by P. Langacker (1993) p.37; MPLPh-93-021, BI-TP-93-16. 

[20] G. Passarino and M. Vehman, Nucl. Phys. B160,151 (1979). 

[21] G.J. van Oldenborgh and J.A.M. Vermaseren, Z. f. Phys. C46,1990 (425); G.J. van 
Oldenborgh "FF: A package to evaluate one loop Feynman diagrams" Comput. Phys. 
Commun. 66„ (1)1991. 

[22] M. Battaglia, A. De Roeck, J. EUis, F. Giannott i, K.T. Matchev, 
K.A. Olive, L. Pape and G. Wilson, hep-ph/01006204; S. P. Martin, 
http:/zippy.physics. niu.edu/modellines. html; S. P. Martin, S. Moretti, J. Qian 
and G. W. Wilson, Snowmass P3-46. 



52 



[23] "The Snowmass Points and Slopes", B.C. Allanach et.al. , |hep-ph/0202233| 
[24] J. Rosiek, Phys. Rev. D41,3464 (1990), |hi^h/9511250| (E). 

[25] G.J. Gounaris C. Le Mouel and P.I. Porfyriadis, [hep-ph/0107249 , to appear in Phys. 
Rev. D. 

[26] M.M. El Kheishen, A. A. Shafik and A. A. Aboshousha, Phys. Rev. D45,4345 (1992); 
V. Barger, M.S. Berger and P. Ohman, Phys. Rev. D49,4908 (1994). 

[27] C. Jarlskog, Phys. Rev. D36,2128 (1987); C. Jarlskog, Z. f. Phys. C29,491 (1985); 
C. Jarlskog, Stockhol Report USIP 87-14. 

[28] G.J. Gounaris, P.I. Porfyriadis and P.M. Renard, hep-ph/00 10006, Eur. Phys. J. 
C19,57 (2001). 

M. Roth and A. Denner, Nucl. Phys. B479,495 (1996) 



53 






a 





e- (la) V e- (lb) V 

e- (Ic) y e- (Id) V 





e- (le) y e- (If) V 





e- (Ig) V V (Ih) e 

Figure 1: Diagrams at one loop 
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Figure 2: The unpolarized differential cross section for e~e^ 77. In (a) and (b) tlie 
Born contributions are given at O.STeV and 5TeV respectively; while in (c) and (d) the 
radiative corrections to them are respectively indicated for SM and a representative subset 
of the benchmark MSSM models of 
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Figure 3: The integrated Born cross section in the region 30° < 6 < 150°, for e~e+ 
77, Zj (a) and e~e+ ZZ (b), with transverse or longitudinal Z-states, as a function 
of the energy. 




Figure 4: The ratio of the unpolarized integrated a{e~e'^ —>■ 77) cross section to the Born 
cross section (a), and the Alh asymmetry (b), as a function of the energy, for SM and a 
representative subset of the benchmark MSSM models of . 
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Figure 5: The unpolarized differential cross section for e~e^ Z^. In (a) and (b) tlie 
Born contribution at O.STeV and 5TeV respectively are given; wliile in (c) and (d) tlie 
radiative corrections to it are respectively indicated for SM and a representative subset 
of the benchmark MSSM models of 
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Figure 6: The radiative corrections to the integrated a{e~e~^ Z7) cross section, for 
unpolarized Z (a), transverse Z (b), or longitudinal Z (c) states, as a function of the 
energy for SM and a set MSSM models of |221- In (d) the radiative correction to the Alr 
asymmetry, (where all final gauge polarizations are summed over), is also given. 
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Figure 7: NAGC contributions to the unpolarized (a), TT (b), LT (c) e+e — > cross 
sections, and to the Alr asymmetry (d), as a function of the energy. 
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Figure 8: The NAGC limits obtained from a^np and A^r in the e+e Zj process (a), 
and in the e'^e~ — > ZZ process (b), assuming an accuracy of 1% on these observables. 
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Figure 9: The unpolarized differential cross section for e~e^ ZZ. In (a) and (b) tlie 
Born contribution at O.STeV and 5TeV respectively are given; while in (c) and (d) the 
radiative corrections to it are respectively indicated for SM and a representative subset 
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gure 10: The ratio integrated a{e~e'^ ZZ) to the Born cross section, for unpolarized 
Z (a), transverse ZtZt (b), ZtZl (c) final states, and the a{e~e~^ — >• ZlZl) cross section 
) as a function of the energy. The results correspond to SM, and a representative subset 
the benchmark MSSM models of 
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Figure 11: the Alr asymmetry in e+e — > ZZ (a) and the Higgs box contribution to the 
TT (b), TL (c) and LL (d) e+e~ — > ZZ cross sections as a function of the energy. 
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Figure 12: NAGC contributions to the unpolarized (a) and TL e+e — > ZZ cross sections 
(b), and to the asymmetry (c), as a function of the energy. 
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